This study aimed to explore the amplitude of low-frequency fluctuations (ALFF) for whole-brain in leukoaraiosis (LA) patients suffering from cognitive decline or impairment.
Bacground
Leukoaraiosis (LA), also called white matter lesions, is a universal neuroimaging phenomenon that usually occurs in elderly people (more than 50% of LA occurs in elderly people) [1] . It has been shown that the progression of LA is correlated with cognitive decline or cognitive impairment [2] . LA is considered to be a risk factor for the cognitive damage, such as dysfunctional attention and impaired executive-function [2] . LA slowly and progressively damages brain white matter prior to the identifiable clinical manifestations. Potential mechanisms for LA damaged cognitive impairment or decline have been elusive until now. Nowadays, imaging technologies might be helpful to discover the associated mechanisms.
Resting state functional magnetic resonance imaging (fMRI) is widely used to investigate the pathophysiology of the brain [3, 4] . The fMRI is also proven to be more effective at identifying functional pathology compared to task-fMRI techniques [5] . In particular, the amplitude low frequency fluctuations (ALFF) derived from the resting-state fMRI (rs-fMRI) signals are commonly applied to examine the intrinsic and spontaneous activities of the brain and exhibit valuable information for the pathological mechanism of neurological diseases [6, 7] . Recent studies [8, 9] have suggested that cognitive deficits can also be studied using rs-fMRI. For example, many studies have found abnormal ALFF in the Alzheimer's disease [8] and mild cognitive impairment (MCI) [10] . However, research is lacking in explicit investigations on the relationship between cognitive deficits and rs-fMRI dysfunction in LA patients, although a limited study [11] indicated that decreased ALFF in the left middle temporal gyrus may aid early detection of cognitive impairment in LA patients.
As far as we know, there are no investigations that have investigated the intrinsic functional changes in LA patients with different severities of cognitive impairment. Due to the lack of existing positive evidence on different severities of cognitive impairment in LA patients, we hypothesized for this study regarding ALFF changes in LA with MCI patients and LA with vascular dementia patients. Finally, we hypothesized abnormal resting-state activities would be associated with neuro-cognitive functioning, in particular executive performance. This research aimed to apply the rs-fMRI method to detect changes in the ALFF of LA patients with different severities of cognitive impairment. Furthermore, the correlation between ALFF changes in LA patients and their cognitive performance was analyzed.
Material and Methods

Ethics committee approval and statement
We complied with the STROBE (strengthening the reporting of observational studies in epidemiology) statement and the checklist in reporting the present observational study (Supplementary Table 1 ). The experimental protocols in this study were approved by the Ethics Committees of Beijing Tiantan Hospital, Capital Medical University, China (ethical approval number: KYSB2016-166). Each participants with normal cognitive function gave written informed consent for participating in the present study and publishing associated results. For patients with cognitive impairment, written informed consent was acquired from their guardians.
Participants
Participants were recruited from the Beijing Tiantan Hospital affiliated to the Capital Medical University, between January 2015 and January 2017. Diagnosis of LA was made unanimously by 2 radiologists who independently evaluated the fluid-attenuated inversion recovery (FLAIR) MRIs without any knowledge of the participant's clinical profile. Fifty patients who were diagnosed LA by both radiologists were included in this study. In addition, 28 age, gender, and education level matched healthy controls were recruited. The inclusion criteria for the LA patients were as follows: 1) patients aged between 50 and 85 years old, 2) patients showed LA on MRI scans according to the revised version of the scale of Fazekas [12] , and 3) presence of a contactable informant throughout the study. The exclusion criteria were as follows: 1) cardiac or renal failure, cancer, or other severe systemic diseases; 2) unrelated neurological diseases such as epilepsy, traumatic brain injury, and multiple sclerosis, 3) chronic cerebral infarction or other lesions, 4) leukoencephalopathy of non-vascular origin, 5) dementia of non-vascular origin, 6) psychiatric diseases or drug addiction, 7) consciousness disruption or aphasia, and 7) inability or refusal to undergo brain MRI.
Clinical cognitive assessment
All participants were instructed to complete a comprehensive neuropsychological battery. Global mental functioning was assessed through the Chinese version of Mini Mental State Examination (MMSE) [13] , the Clinical Dementia Rating scale (CDR) and the Beijing version of Montreal Cognitive Assessment (MoCA) [14] , under the supervision of a physician. The subsequent neuropsychological battery was tested in 5 cognition domains: 1) memory, tested by the Auditory Verbal Learning (AVLTdelay recall) [15] ; 2) visuospatial ability and attention, tested by the Symbol Digit Modalities Test (SDMT) [16] ; 3) language, tested by the Category Verbal Fluency Test [17] ; 4) processing speed, tested by the Stroop Test (Stroop B-time) [18] and 5220 the Trail Making Test A (TMTa) [19] and 5) executive function, tested by the Trail Making Test B-A (TMTba) and the Stroop Test (Stroop CB-time). These tests were completed in a strict order in accordance with the standard protocols in a quiet room. In this study, higher score in TMT test means greater impairment.
Based on the results of these cognitive tests, the participants were divided into 3 group: LA patients diagnosed as vascular mild-cognitive impairment (LA-VaMCI group, n=28), LA patients diagnosed as vascular-dementia (LA-VaD group, n=18), and the normal control participants (NC, n=28). The LA-VaMCI patients complied with the following criteria: 1) CDR=0.5, 2) 24< MMSE <27 with ³6 years education, or 20< MMSE <24 with <6 years education, or 17< MMSE <21 with 0 years education; and 3) MoCA <26. The LA-VaD patients complied with the following criteria: 1) CDR ³1; 2) MMSE £24 with ³6 years education, or MMSE £20 with <6 years education, or MMSE £17 with 0 year of education; and 3) MoCA <26. The NC participants complied with the following criteria: 1) MRI showed normal brain structure; 2) CDR=0; 3) MMSE ³27 with ³6 years education, or MMSE ³24 with <6 years education, or MMSE ³21 with 0 years education; and 4) MoCA ³26.
Data acquisition of brain MRI
MRI was conducted by using a Siemens Magnetom Verio 3T superconducting MRI system, which was provided by the Radiology Department of Beijing Tiantan Hospital, Beijing, China. A T2W-FLAIR sequence was applied to detect white matter hyperintensities (parameters: echo time 140 ms, repetition time 11 000 ms, inversion time 2600 ms, slice thickness 3-3. A total of 240 image volumes were obtained from each participants. All of the patients were instructed to stay awake, relax and close their eyes. Meanwhile, during the resting fMRI scan, the participants were instructed to remain as motionless as possible. The noise was also reduced by using rubber earplugs, and the participant's head was also fixed to minimize the potential motion artifacts by employing the foam cushions.
Processing and analysis of rs-fMRI image
The structural data analysis was conducted by using VBM8 toolbox (website: http://dbm.neuro.uni-jena.de/vbm.html).
SPM8 package (website: http://www.fil.ion.ucl.ac.uk/spm) was used to analyze the data preprocessing. Slice-timing realignment and adjustment for the correction of the head-motion were also conducted. Four LA patients were excluded from the data processing because of the excessive head movement. The criterion for excessive head movement was that the head motion exceeded 3° rotation or 1.0 mm translocation in any direction throughout the course of the scan [20] . The EPI images were normalized spatially to the stereotaxic coordinates for standard MNI (Montreal Neurological Institute) template and re-sampled into a 3×3×3 mm 3 voxel size. Then, they were smoothed by convoluting with an isotropic Gaussian kernel of 8 mm to reduce the spatial noise. In order to further exclude the possible effects for the confounding factors that were unpossible associated with specific regional correlation, several spurious variance sources were removed by using the linearregression analysis, including the average signals from the white matter and the cerebrospinal fluid, 6 head motion parameters, and the global brain signal [21, 22] . Finally, in order to remove the higher frequency noise and the lower frequency drift, we band-filtered the residual-time series within the frequency range from 0.01 Hz to 0.08 Hz [23] .
The ALFF was analyzed and calculated using the REST software (www.restfmri.net) according to a previous study described [23] . Briefly, in the window of ALFF analysis of the REST software, the frequency band between 0.01 Hz to 0.08 Hz was selected. Then, the individual ALFF map was generated and was normalized with the individual's global mean ALFF as done in the ReHo analysis. One-sided on-sample t tests were conducted to illustrate where in brain the standardized ALFF values were significantly larger than one.
Structural image analysis
The loss of gray matter (GM) could affect the functional results. In order to identify the brain regions with the GM loss, the voxel-based morphometry (VBM) analysis was conducted for the structural images (website: http://www.fil.ion.ucl.ac.uk/ spm). The FMRIB software Library (FSL 3 ) Tools were used to analyze the GM volume differences among the 3 groups.
Statistical analysis
In this study, all of the data were analyzed by utilizing the SPSS 17.0 software (SPSS Inc., Chicago, IL, USA). The chi-square test was employed to evaluate differences in gender distribution among the 3 groups. Kendall's W test was used to evaluate the differences in education years among the 3 groups. The ANOVA test was employed to compare the difference in age, gender, education, cognitive test results (MMSE, MoCA), executive functions, processing speed, memory, language, and visual-spatial and attention among the groups. After correcting for age and sex and using FDR-correction for multiple comparisons, the 2-way repeated-measures ANOVA was used to compare the ALFF values difference among the 3 groups. FDR-corrected post-hoc analysis was performed to correct the multiple comparisons for the P value. The Pearson's correlation analysis was utilized to analyze the correlation between the ALFF results and the cognitive parameters in each group, controlling for age and years of education as confounding variables. Statistical significance was indicated when P was less than 0.05.
Results
Demographic information and cognitive characteristics
There were no significant differences for the age, sex, or education years among the 3 groups. Significant differences in episodic memory tests was observed with the NC group (having the highest scores in MMSE and MoCA) and the LA-VaD group (having the lowest scores in these tests). Significant differences were also found in executive functions, processing speed, and other parameters (Table 1) .
VBM analysis
Because LA mainly damages the cerebral white matter, and our findings showed that no significant differences in regional cerebral gray matter volume were found between normal controls and the LA patients. This result was consistent with the description of leukoaraiosis is a pathology of the cerebral whiter matter.
ALFF analysis
The ANOVA statistical analysis showed that brain regions with a significant difference in ALFF values mainly included the left precuneus (PCu_L, F=3.273, P=0.022) and the right inferior temporal gyrus (ITG), as shown in Figure 1 and 
Relations between ALFF and execution function
The regression analyses were conducted based on the criteria outlined in materials and methods section. In the LA patients (LA-VaMCI patients and LA-VaD patients), these included assessing the relations between ALFF values of the PCu_L and cognitive indexes including executive functions (StroopCB and TMTba), processing speed (StroopB-time and TMTa), visual-spatial and attention (SDMT), language (category verbal fluency) and memory (AVLT-delay recall). As shown in Figure 4 
Discussion
Increasing evidence has suggested that LA may serve as a neuroimaging biomarker for potential cognitive decline [24] . To explore the underlying neural mechanism of how LA affects cognition, we investigated the ALFF changes in LA patients with cognitive impairment by comparing these values with those of normal controls. We found ALFF differences in the right ITG and the PCC/PCu. In addition, we also found that ALFF values of LA patients are positively correlated with their cognitive decline. The aforementioned results hint that brain regions might be the most influenced areas of LA patients. Meanwhile, the altered spontaneous ALFF values are possible indicators for cognitive impairment of these patients. ALFF values in the aforementioned regions might act as potential values in understanding cognitive decline in LA patients.
Previous resting state studies have proven that ALFF may be effective in examining spontaneous neuronal activities of the cortex [25] . The present study found that ALFF values in the left PCu of LA patients were significantly decreased compared with healthy controls post correcting GM volume's effects. The PCu is considered the hub of fronto-parietal central executive network [26] , which is helpful in manipulating information and actively maintaining the process of learning and working memory. According to Gusnard anatomy of default network partitions, the PCu, located in the back of the cerebral cortex, is the most active region among the default network nodes and plays an important role in memory networks [27] . Previous studies have shown in Alzheimer's disease that the decreased functional activities of posterior cingulate cortex were positively correlated with the score of delayed recall of auditory verbal learning test. In this research, we discovered that the decreased ALFF in left PCu was correlated with the decline of the StroopCB time. The previous studies also showed that the ALFF abnormalities could be considered as a potential biomarker for the early diagnosis or prognostic marker for several diseases, such as Alzheimer's disease [28] , leukoaraiosis [29] , and vascular dementia [30] . According the above backgrounds, the ALFF illustrated abnormalities with increased or decreased values, in different studies [8, 10, 11, [28] [29] [30] . These differences might be caused by the differences in disease stages and the severity of diseases, which should be clarified in future studies.
Research in structural neuro-imaging has also illustrated that the PCu is mainly located in the medial aspect of the parietal lobe and participates in distinct functional networks [31] , which is in agreement with our findings in terms of the location of this brain region. The posterior cingulate cortex (PCC) is an important region for the core executive function of the frontal lobe [32] . The executive dysfunctions of LA patients observed in the present study may arise from disruptions in the afferents of the PCC.
Inferior temporal gyrus (ITG) is considered a central portion of the language formulation area region and is known as a tertiary visual association cortex [33, 34] , which also involves in the visual perception, language, and the memory [35, 36] . Meanwhile, the ITG also participates in the emotion regulation and the sub-serves cognition processing, and even the default mode network [36] [37] [38] [39] . It has been reported that both Alzheimer's disease and MCI patients illustrated the reduced cortical thickness in temporal lobe, which plays a crucial role in memory preservation [40] . In this study, the results showed that the ALFF values in right inferior temporal lobe of LA groups were significantly increased with a more significant increase in LA-MCI patients. Therefore, the present study extended the previously reported findings and suggests that the default mode network plays critical roles in the LA pathophysiology. One possible mechanism is that the distal cortex 5225 compensates the dysfunction of lesioned white matter [41, 42] . Though an association between decreased cerebral cortical thickness and increased LA volume has been reported [43] , the present study did not show a significant decrease in the thickness of the temporal lobe. More specifically, the neuroimaging data support the linking of temporal lobe to the alexithymia [44, 45] . Evidence from cross-sectional studies suggests a link between cerebral age-related white matter changes and depressive symptoms in older people [46] . For this reason, we considered that the relationship between depressive symptoms in LA patients and ITG should be studied in the future.
The present research also had a few limitations. First, the sample size of this study was relatively small. In further studies, a larger sample should be used to confirm our findings. Second, ALFF values which reflect the spontaneous low-frequency fluctuations of neural activity in a certain voxel, were not dynamic due to the cross-sectional investigation. Third, although there was no difference in GM volumes, the structural differences among the 3 groups could still have affected the measurement of rs-fMRI signals. Fourth, this study did not provide details for the prevalence of vascular risk factors and comorbidities, such as hypertension, diabetes, dyslipidemia, and myocardial infarction. However, LA is usually associated with these vascular risk factors. Diabetes, hypertension, atherosclerotic carotid artery diseases, cerebral hemodynamics impairment, in turn, are associated with neuro-cognitive functions [47] [48] [49] . In future studies, we would evaluate the associations between cerebral hemodynamic status, LA entities and ALFF and observed the relationships between vascular risk factors and neuro-cognitive functions. Fifth, the cerebral connectivity data, which has also been correlated with the cognitive functions, were not available. In future studies, we would evaluate the cerebral connectivity data and analyze relationship with cognitive functions. Sixth, the grade of the severity of LA was not evaluated in this study. The group with "vascular dementia" might have greater LA. Therefore, the severity of LA would be graded in future studies. Seventh, this study did not involve patients with LA but without cognitive impairment. In future studies, we would include LA patients without cognitive impairment for clarification.
Conclusions
This study investigated spontaneous and aberrant activities of the LA patients with cognitive impairment by evaluating the ALFF values utilizing rs-fMRI. The significant decrease of ALFF values was discovered in the left PCu, and increased in the right ITG. The ALFF values of the left PCu illustrated a positive correlation with executive function scores, suggesting that spontaneously aberrant activities of the aforementioned brain regions may aid in understanding the characteristics of cognitive impairment of LA patients.
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